The impact of underwater noise on marine life calls for identification of exposure criteria to inform mitigation. Here we review recent experimental evidence with focus on the high-frequency cetaceans and discuss scientifically-based initial exposure criteria. A range of new TTS experiments suggest that harbour and finless porpoises are more sensitive to sound than expected from extrapolations based on results from bottlenose dolphins. Furthermore, the results from TTS experiments and field studies of behavioural reactions to noise, suggest that response thresholds and TTS critically depend on stimulus frequency. Sound exposure levels for pure tones that induce TTS are reasonably consistent at about 100 dB above the hearing threshold for pure tones and sound pressure thresholds for avoidance reactions are in the range of 40-50 dB above the hearing threshold. We propose that frequency weighting with a filter function approximating the inversed audiogram might be appropriate when assessing impact.
Introduction
Hearing is the primary sense for much marine life for detecting signals from prey, predators, conspecifics, competitors and the environment. Noise introduced into the environment by human activities thus has the potential to interfere with auditory detection and thereby affect the animals directly as well as indirectly via prey and predators (e.g. Richardson et al., 1995; National Research Council, 2003 , 2005 Nowacek et al., 2007; Weilgart, 2007) . The magnitude of this problem has been realised slowly over the last four decades and as a consequence underwater noise has gradually moved up on the political agenda (see Simmonds et al., 2014) . In an influential review of the field, Richardson et al. (1995) focused primarily on the descriptive; a collection of all available information on relevant noise sources and studies of their impact on marine mammals. A decade later Southall et al. (2007) made an updated review of the literature and offered the first published scientific guidance regarding noise exposure criteria.
Although scientifically based, this paper is heavily influenced by, and targeted to, policy in the United States because the suggested criteria are based on the legal definitions of injury and behavioural harassment under the U.S. Marine Mammal Protection Act (MMPA). As a consequence of this, the scientific recommendations provided by Southall et al. (2007) may not be appropriate for direct application in other countries, or even under other domestic legislations in the United States, such as the Endangered Species Act. Several non-U.S. legal frameworks, such as the European Habitats Directive (European Commission, 1992 ) and the Marine Strategy Framework Directive (European Commission, 2008) focus more on sustaining populations, the habitats that support them and the ecosystems of which they are a part, rather than accounting for takes of individual animals as is the case in the MMPA.
Nevertheless, the criteria suggested by Southall et al. (2007) filled a large global policy vacuum. As a consequence of the pressing need for actual exposure criteria, the suggestions of Southall et al. (2007) have quickly acquired status as the de facto standard in many political processes around the world, despite the limitations, caveats and lack of information and imperfect understanding carefully emphasised by Southall et al. (2007) . Further there has been surprisingly little constructive debate over the contents of the initial recommendations of this paper and no substantive alternatives or augmentations have yet been offered (but see Ellison et al., 2011) . As a result, the recently proposed criteria for acoustic injury by the U.S. National Oceanic and Atmospheric Administration (NOAA, 2013) builds directly on methodology and exposure criteria presented by Southall et al. (2007) , updated in light of new experimental data obtained after 2007 and considering additional discussions on weighting functions (Finneran and Jenkins, 2012) . Southall et al. (2007) should be credited for suggesting actual exposure criteria, as such a move inevitably attracts criticism from those believing them to be too high, those asserting that they are too low, and those merely seeking to improve the science upon which they are based. One of the clearly stated shortcomings of Southall et al. (2007) is that exposure criteria are provided for all cetaceans, divided into three groups, low-frequency (LF), midfrequency (MF) and high-frequency (HF) cetaceans even though they are all based on experiments on a few species of MF-cetaceans. The MF criteria were then extrapolated to the LF-cetaceans (large whales) and HF-cetaceans (narrow-band high-frequency odontocetes, including porpoises).
Since the review by Southall et al. (2007) a substantial number of studies on other species, particularly the harbour porpoise (Phocoena phocoena), have become available. In the light of these new results and in attempt to further the process of identifying meaningful approaches to mitigate noise effects on marine mammals we here undertake a critical, but constructive review of the guidance and recommendations presented by Southall et al. (2007) . We then proceed to apply the consequences of that review in a discussion of exposure criteria for the harbour porpoise, a high frequency species where much recent data has been collated. While we use porpoises as a model species, we believe that the scope of the proposed impact assessment has a wider relevance beyond the consideration of any specific legislative standards or species. Southall et al. (2007) developed the first general exposure criteria regarding injury for marine mammals. In that process, a number of principal and necessarily simplifying assumptions were made. Of these, three are considered key assumptions by us: (1) the auditory system, being adapted for detection of very low sound levels, will be first organ system to suffer injury from sound exposure; (2) that risk of impact scales with loudness-weighted sound exposure level (signal energy); and (3) that the onset permanent threshold shift (PTS) is the basis for defining safe exposure limits. While the following discussion is specifically targeted the criteria proposed by Southall et al. (2007) it is noteworthy that NOAA's (2013) proposed acoustic injury criteria conform to these assumptions.
Exposure criteria for injury

The auditory system as the most sensitive to injury
Marine mammals in general have acute underwater hearing, and for that reason, the auditory system is considered to be the first to suffer from injuries when exposed to increasingly powerful noise (Southall et al., 2007) . Sound exposure, however, may also induce other, potentially injurious effects that are more subtle or hard to measure, and hence be overlooked, particularly in marine animals. One such parameter is physiological discomfort, which is very hard to quantify unless it is extensive enough to materialize in the forms of increased levels of stress hormones or reduced fitness over long periods of time. Several studies on human divers indicate that sound exposures can cause long term physiological effects with consequences for fitness that may not be reliably detected through elevated levels of stress hormones or reduced auditory capabilities in the form of temporary threshold shift (TTS). Steevens et al. (1999) report two cases of what appears to be noise-induced neurological disturbances in two navy divers. The first diver was exposed to 160 dB re. 1 lPa (rms) for 15 min (190 dB SEL) at 240 Hz, causing no measurable TTS. However, at the end of the exposure he reported light-headedness, somnolescence, blurred vision and a vibratory feeling in his extremities, and he was unaware that the sound source had been turned off.
Half an hour after the exposure and after being decompressed from 3 atmospheres, the diver again reported to experience nausea and only responded to strong verbal stimuli. These symptoms abated within 30 min and none of physiological variables measured during or after the exposure could explain his response. Three weeks later he again suffered from an episode of light-headedness, memory loss and nausea and, despite an intense neurological examination, no cause could be established. After 9 months he subjectively assigned continued impairments in the forms of insomnia and memory loss to the sound exposure. Sixteen months after the exposure he was undergoing anti-seizure and anti-depressant therapy.
In the second case study of Steevens et al. (1999) , a diver was exposed to 181 dB re. 1 lPa (rms) for 15 min (210 dB SEL) at 1000 Hz. This exposure caused along with a moderate TTS of 19 dB, a feeling of light-headedness, inability to concentrate, agitation, blurred vision and head vibrations. The following day the diver reported an increased sensitivity to noise. Two weeks after the exposure, he still experienced heightened sensitivity to noise, increased irritability and concentration problems. A year later he reported that he still felt that he had not recovered fully having concentration problems and mood swings. Similar conditions were also reported over the short-term by Montague and Strickland (1961) , although in this case the 23 subject divers also all displayed at least 6-7 dB TTS five minutes after the exposures of unspecified durations to a 1500 Hz pure tone at maximum tolerable levels (50% felt this had been reached by 200 dB re. 1 lPa, rms)
While correlation does not equate causality, these studies nevertheless suggest that exposures with SELs around or even below those shown to cause TTS may, at least under some circumstances, lead to long term neurological disturbances. The consistent effects on the visual system suggest that the mechanism behind these neurological disturbances relate to strong stimulation of the vestibular system that has a strong oculomotor feedback (Parker et al., 1978) . There are to our knowledge no dedicated studies of this in marine mammals, but during intense sound exposures some navy dolphins have displayed behaviours, such as biting the experimental setup or refusing to return to the bit plate that may perhaps be indicative of some level of annoyance or physiological discomfort arising from the exposures (Schlundt et al., 2000; Finneran et al., 2002) . For example, the simple act of reorienting their heads for exposures may represent an effort to reduce their own exposures due to their highly directional hearing (Au and Moore, 1984) . Also Gray and Waerebeek (2011) reported apparent akinesis and possible death of a dolphin incidentally exposed to sounds from a seismic air gun at close range. It is presently unknown if such responses are short term and merely reflect annoyance on the part of the animal or if they in fact are tell-tale signs of neurological disturbances and discomfort similar to that indicated for some human divers at similar or lower sound levels.
The methodology currently in use during intense sound exposure experiments in marine mammals is, in our opinion, unable to uncover such effects. It is therefore possible that marine mammals may, in at least some cases of exposure to high intensity, low frequency sound, suffer from noise-induced neurological disorders that go undetected, but which are potentially more problematic than TTS. This possibility shed in our view doubt on the idea that PTS is an appropriate general threshold for concern about physiological effects and should accordingly motivate specific investigations on this issue for marine mammals.
Scaling of impact with loudness-weighted energy
It is impossible to develop individual exposure criteria for every possible sound source and thus there is a fundamental need for a common metric, which can be used to assess several types of sounds including those for which no experimental data are available. As pointed out by Southall et al. (2007) and others (e.g. NOAA, 2013; Finneran, 2008; Terhune, 2013) , it is essential to take the hearing of the animal into account when evaluating the impact of a particular sound in the form of frequency weighting.
Conceptually, frequency weighting is straightforward, consisting of a band pass filter that de-emphasises those parts of the signal which fall outside the range of best hearing for a given group of animals with similar audiograms. In human audiology this is done through a series of weighting curves, tailored to different types of sound exposure. Most routinely used in human noise assessments is the A-weighting filter (e.g. Anonymous, 2001) . C-weighting is a less known and little used alternative to A-weighting that is intended to better reflect human sensitivity to louder sounds. The differences between these weighting functions are found in the steepness of the curves towards low and high frequencies and the extent of the flat pass band in the centre. Two additional weighting curves, the B-weighting and the D-weighting are no longer commonly used and are accordingly not discussed here. Southall et al. (2007) introduce and discuss an analogue to C-weighting for marine mammals, the M-weighting. Here we will only consider the fundamental assumption that an analogue to the less known and little used C-weighting from human audiometry is used as model, rather than the ubiquitous A-weighting. Both A-and C-weighting functions are based on equal loudness contours for humans, reflecting the fact that the loudness of a sound to a human is not directly related to the sound pressure, but a function of both frequency and sound pressure. Loudness is measured in Phon and the A-weighting curve is based on the 40 Phon iso-loudness curve, corresponding to the sound pressure level at different frequencies where a sound is perceived as being as loud as a pure tone at 1 kHz at 40 dB SPL. The 40 Phon iso-loudness curve roughly parallels the shape of the human audiogram, but is by definition offset with 40 dB. C-weighting on the other hand was introduced to quantify the loudness of more intense sounds and is modelled to roughly follow the 100 Phon iso-loudness curve, the argument being that this weighting would be better at capturing the perceived magnitude of loud noise and presumably also better reflect the perception of levels that will cause impact. This assumption, however plausible it may seem, is nevertheless essentially without experimental support and C-weighting, even of loud sounds, have been replaced by A-weighting in almost all human community noise regulations (e.g. European Commission, 2000 Commission, , 2002 . Even for short impulsive sounds, such as gunshots, where C-weighting is still recommended when recording peak levels, A-weighted levels correlate significantly better with annoyance, as rated by human observers, than does the C-weighted levels (Meloni and Rosenheck, 1995; Vos, 2003) . There is thus a need for a re-evaluation of the justification for using C-weighting as basis for frequency weighting in marine mammals. NOAA seems to have embraced the need for such a re-evaluation in their recently proposed injury criteria (NOAA, 2013) , based on new experimental results from two bottlenose dolphins, noting that one displayed substantial hearing loss (Finneran and Schlundt, 2013) . However, audiograms differ among different species, especially with respect to the specific frequencies of greatest sensitivity. Thus, the weighting should ideally be species specific, or (as empirical data is extremely limited) at least by species grouped according to actually similarity of their audiograms across all frequencies, rather than by the more generalised functional hearing groups presented by Southall et al. (2007) and largely adopted by NOAA (2013) .
A second argument put forward by Southall et al. (2007) for a C-weighting analogue for marine mammals is that this weighting curve is wider than the A-weighting curve, thus its use results in conservative criteria. The reasoning being that weighted sound levels are, if anything, overestimated, which produces stricter than needed protection of the animals. However, this reasoning has some problems: there is a fundamental difference between frequency weighting used to establish exposure criteria from experimental data and frequency weighting used to compare a given exposure to an already established exposure criterion (Fig. 1) . These two applications of weighting should each be undertaken in a way that provides conservative judgements to the benefit of the animals in situations where data is scarce. However, what may not be immediately evident is that a clearly conservative approach to weighting when establishing limits could be the opposite when applying an already established limit to assess impact and vice versa.
No matter how limited information is available, an exposure limit must be based on some experimental data. Thus, there are two sides to an exposure limit ( Fig. 1) : establishment of the limit from data (research side) and use of the limit in assessments (application side). Frequency weighting can (and should) be performed on both sides. Ideally, the two weighting functions are identical and match the actual weighting function of the exposed auditory system. This is by and large commonly agreed to be the case for A-weighting in humans as this function is based on overwhelmingly large experimental and clinical data sets. However, the two functions need not be identical. Realising how little we know about hearing and effects of noise in marine mammals, it makes sense to be conservative if there is doubt about the true form of the function, i.e. deliberately select a weighting function that is more likely to lead to tighter regulation of activities than actually needed (the precautionary principle). However, it turns out that the two weighting functions are not symmetrical when it comes to errors. A conservative weighting function applied on the research side turns out to be the opposite on the application side. To realise this, consider the following relationships:
where L denotes sound pressure level of any sound weighted by different weighting functions, of which one corresponds to the actual weighting in the ear, one is too wide and one is too narrow.
The unweighted (broadband) sound pressure level will always be equal to or greater than any weighted sound pressure level. The more restrictive (or the narrower) a weighting function is, the more sound energy is filtered out and the lower the weighted sound pressure level will be. When going from data to exposure limit (the research side in Fig. 1 ) the precautionary principle dictates the use of a filter not wider than the actual weighting in the ear of the animal, i.e. to the narrow side. This will lead to an underestimation of the exposure limit, i.e. below the level where effects actually incur. In contrast, when assessing impact (the application side in Fig. 1 ), where a given sound is compared to the established exposure level, the precautionary principle dictates the use of a filter that is at least as wide as the actual filter. This will lead to an overestimation of the potential impact of the assessed Experimental threshold Exposure limit Weighting 1
Sound under assessment
Weighting 2
Research Application
Fig. 1. Frequency weighting must be performed twice; first when establishing the exposure limit from data (research side), then when exposures are subsequently compared to the exposure limit (application side).
sound, i.e. the sound will be regulated to a level below the actual level at which effects incur. Fig. 2 illustrates the consequences of selecting different combinations of weighting filters. The white spot in the centre illustrates the desirable point where frequency weighting actually conforms to the physiology of the ear. To the upper left is the point where a narrow filter (or weighting) is used in establishing the criterion and a wide filter (or weighting) used in assessments. This leads to certain over-regulation, which is not desirable, but it is at least safe to the animals. Opposite this point, in the lower right, is the least desired combination, leading to certain under-regulation. Along the lower left to upper right diagonal are the combinations with uncertain outcomes. In the best cases biases will cancel out, leading to the most appropriate level of regulation, but it is much more likely they will lead to errors to either side. Now, returning to the suggested criteria of Southall et al. (2007) , they discussed only the application side of Fig. 1 , comparing sounds to the established exposure limits. When doing so, they deliberately selected the shape of the weighting function to be wider than they actually believed it to be, in correspondence with the precautionary principle, as described above. However, in that process they introduced an underestimation on the research side of Fig. 1 . The result of this is that the proposed tolerance limits fall somewhere into the upper right part of Fig. 2 , with an uncertain outcome, i.e. it is unclear whether the net result is underprotection of animals or overregulation of activities.
A few examples can illustrate this problem. First the simplest situation, where an exposure limit is established for a particular sound, for example an air gun pulse, and this limit is later used to evaluate exposure to the very same sound in a different context. In this case it does not matter if the weighting function is not completely correct, as the error committed on the research side cancels out completely with the error committed on the application side. A second example would be a sound outside the range of best hearing is used to establish an exposure limit which is then later used to assess potential impact of a second sound well within range of best hearing. The signal under assessment is compared to a criterion which is set too high, because a weighting function too wide was used. The weighted level of the sound used to establish the limit will be too high (L wide > L actual ) because energy outside range of best hearing is included. In contrast, the weighted level of the sound being assessed against the exposure limit will be virtually identical to the unweighted level, as it falls within range of best hearing (L wide = L actual ). The implication is that the sound under assessment will only be considered to have an impact at levels that are substantially higher than is actually the case, i.e. underregulation. The third example is the reverse, an exposure limit based on exposure to a sound well within range of best hearing of the animal, but used to assess potential impact of a second sound which is outside range of best hearing. Here the signs switch, resulting in over-regulation. From these examples it follows that care should be taken when an exposure limit established with one type of sound is used to assess impact of another sound, in particular if the exposure limit is determined with sounds outside range of best hearing.
It should be noted that the proposed NOAA (2013) criteria have attempted to address these issues by adjusting the frequency weighting curves based on Finneran and Jenkins (2012) . However, NOAA (2013) still uses the same weighting on both sides of the process, which means that the net result is not guaranteed to be conservative. Moreover, the use of this single-species audiogrambased weighting for a large number of different species with varied hearing capabilities is likely to produce errors of judgement. For example, any criteria based on low frequency sounds would be heavily down-weighted using the bottlenose audiogram, producing levels that would be far below those actually experienced by animals with better lower-frequency hearing, such as killer whales (Szymanski et al., 1999) . The NOAA (2013) draft criteria violates the consistency further by extrapolating criteria values established for one hearing group under one weighting curve (based on bottlenose dolphin data) for use with other groups that then use different weighting systems.
PTS as basis for definition of limits to harmful exposures
Once a weighting standard is defined and accepted, exposure limits need to be established based on some threshold of impact, in this case for injury. What exactly constitutes an injury for a cetacean is ultimately more a legal than a scientific question. Nevertheless, direct injury involves sound exposures that are high enough to temporarily or permanently impair the function of some parts of the body of the exposed animals. In extreme cases, such as exposures to underwater explosions at close range, the injuries may be fatal. In the opposite end of the severity scale are subtle neurological effects and temporary and permanent increases in hearing thresholds (TTS and PTS, respectively) .
While the permanent loss of hearing, PTS, definitely constitutes injury, the situation is less clear for TTS. TTS is by definition a temporary event, but recent experiments on terrestrial mammals suggest that the auditory system may not recover fully from severe TTS despite its definition to the contrary. TTS does not involve a destruction of hair cells, but seem instead to be caused at least in part by swelling of cochlear nerve terminals similar to that resulting from excitotoxicity (Kujawa and Liberman, 2009 ). It has furthermore been shown that levels causing reversible TTS can also lead to permanent degeneration of cochlear afferent nerves (Kujawa and Liberman, 2009) . So while the hair cells may remain intact after a severe TTS, neurological degeneration may compromise more complex auditory processing and lead to a reduction of stimulus encoding under noisy conditions, tinnitus and hyperacusis. It is also possible that the damage from repeated severe TTS can ultimately accumulate to form a neurologically-based PTS (Kujawa and Liberman, 2009 Fig. 2 . Consequences of using different combinations of weighting functions in establishing criteria (horizontal axis) and assessing noise against criteria (vertical axis). Green indicates conservative areas, red indicates liberal areas. White spot in centre is the optimal point where weighting filter is exactly equal to the true weighting performed by the auditory system. has been acknowledged later, for example in the NOAA (2013) draft guidelines.
Regardless of whether TTS or PTS thresholds are used to define injury thresholds from noise exposures, onset of TTS must be measured reliably and in a way that is representative for young, healthy animals with good hearing in the wild. This is because empirical data on PTS onset in marine mammals is extremely limited, for very good ethical reasons. Thus, the injury criteria as developed by Southall et al. (2007) are based on estimated thresholds for inducing PTS. Southall et al. (2007) assumed that PTS occurs at the same sound exposure levels that generate 40 dB of TTS, as is the case for terrestrial mammals (e.g. Ahroon et al., 1996) . Accordingly, PTS onset values were extrapolated from observed TTS onset using TTS growth rates from chinchillas or humans, except in the one case (pinnipeds in air) where empirical data from marine mammals required use of a more precautionary value (see Southall et al., 2007) .
Despite very careful and meticulous experimental approaches (e.g. Finneran et al., 2002; , the early TTS studies made on belugas and bottlenose dolphins are, potentially affected, at least to some degree, in two ways that may lead to an overestimation of levels required to generate TTS. Firstly, many earlier studies were conducted under noisy conditions in sea pens (Nachtigall et al., , 2004 or an artificial masker was deliberately introduced to stabilize noise levels (Schlundt et al., 2000; Finneran et al., 2002) , both approaches that lead to derivation of masked hearing thresholds set by the ambient noise. This means that the stimulus level required to induce onset for TTS could be overestimated because the true baseline hearing threshold was never established. The problem has in some cases been addressed by doing TTS experiments in quieter tanks (e.g., Finneran et al., 2002) .
The use of quiet tanks does not, however, preclude a potential second problem: Both dolphins used in the Finneran et al. (2002) TTS experiment were older animals that had elevated hearing thresholds in the relevant frequency band; about 10 dB above the lowest thresholds measured for younger animals of the same species (Johnson, 1968b) . It thus may be reasonable to question if the TTS thresholds derived for bottlenose dolphins and belugas based on data from older animals are also representative for young, healthy animals. There is limited and inconclusive information available, even from terrestrial mammals, on the possible effect of age on susceptibility to TTS (summarized in Finneran and Schlundt, 2010) . Several recent studies on porpoises (Lucke et al., 2009; Popov et al., 2011; Kastelein et al., 2012 Kastelein et al., , 2013 have demonstrated TTS at SELs considerably lower than reported for bottlenose dolphins and belugas. Future studies will hopefully elucidate if such differences are indeed species specific or whether they at least in part are related to different methodologies, masking levels or age and health of the used animals. Irrespectively, it is clear that the reliability of TTS extrapolations from a limited number of studies on a few individuals critically hinge on any problems with these studies.
Exposure criteria for behavioural responses
Exposure criteria for behavioural responses to underwater sound were discussed at length by Southall et al. (2007) , but in the end they concluded that it was premature to establish general limits for safe exposure. This conclusion is reached in prudent realisation that the experimental results upon which such criteria should rest are too scattered across taxonomic groups, types of sounds/noises and contexts under which observations or experiments were conducted. NOAA's (2013) proposed guidelines also acknowledge this by limiting their bounds to injury. Behavioural criteria are, however, also under production by NOAA. Additionally, Finneran and Jenkins (2012) presented behavioural response functions specifically relevant to military activities, such as sonar.
Instead of setting firm criteria, Southall et al. (2007) presented a framework for further progress towards establishing criteria for behavioural disturbance, as defined by the MMPA. The core of this framework was a list of behavioural responses that were scaled by their perceived severity. However, because this framework is tailored specifically to U.S. legislation (specifically the MMPA definition of impact: a ''take''), it is difficult to generalise these recommendations (and those of Finneran and Jenkins, 2012) to other legislative frameworks, especially those pertinent to European countries. Any such attempts must, in our view, consider two important points. Firstly, a response severity scale for behavioural reactions, while useful in many ways, cannot be used directly or exclusively to infer the severity of actual impact. This is primarily due to the fact that such responses may only provide a relative indication of the immediate unpleasantness of the noise to the animal that is not necessarily suitable for assessing the long term fitness or population consequences of the noise exposure. Secondly, the use of such as scale implicitly presumes that an absence of any detectable reaction can be equalled with an absence of impact, which may not necessarily be the case.
Scaling of impact with severity of response
The use of behavioural reactions to infer impact from noise exposure is inherently attractive to legislators and managers (as well as researchers) as the indirect and long-term consequences are, in most cases, beyond our present capability to study in wild animals, while behavioural responses are easier to observe. Southall et al. (2007) follow this approach in their review of the diverse literature by classifying the various experimental results in relation to a response severity scale. This response severity scale ranks behavioural reactions in nine steps from mild reactions (e.g. orientation response to acoustic stimulus), through medium reactions (e.g. short interruption of feeding behaviour) to strong reactions (e.g. startle and outright panic). As already discussed by Ellison et al. (2011) , there are, however, a number of inherent problems with such a severity scaling.
Most importantly, Ellison et al. (2011) discussed the need for behavioural responses to be considered in terms of their audibility to the receiving animals. Furthermore, they noted that several contextual factors can be highly influential in determining behavioural responses, especially at lower severities. Such contextual factors include prior experience of the receiving animal, its current state (i.e., health and motivation) and activity, and its spatial relation to the sound source. In any case, even if these factors are considered, the focus of the scaling is fundamentally based upon the immediate perception by the animal, without any consideration for longer-term changes in behaviour or the exposure history of the animal. As a result, any estimation of the ultimate population-level impact based primarily on the severity of immediate responses, risk to establish a false proportionality between scores on the severity response scale and population impact. While such proportionality was not implied by Southall et al. (2007) , it is tempting to make this inference and hence use the severity scores as a proxy for population impact.
In fact, a general correlation between impact in terms of fitness consequences with the severity of the immediate behavioural reaction is not supported. For example, some of the behaviours scoring very high on the severity scale are particularly immediate and short-term reactions to acoustic exposure, for example alarm responses and aggression and/or defensive responses. Such reactions can be very dramatic, but their short-term nature means that many are unlikely to have long-term fitness consequences (e.g. Finneran and Jenkins, 2012 , although see Götz and Janik, 2011) . Accordingly, it is reasonable to ask if fitness consequences can in any way be assessed through short-term studies of behaviour (Beale and Monaghan, 2004; Bejder et al., 2006; Lusseau and Bejder, 2007; Bateson, 2007; Beale, 2007; Johnson et al., 2009 ). While there is general agreement about the overall mechanisms leading from changes in behaviour to population level effects, most of which are captured in the PCAD model (National Research Council, 2005) , there is an increasing realisation that in most cases it is impossible to establish these connections for real world systems from studies of behaviour alone. This realisation has led to new initiatives, centred on agent based models, such as the more general PCoD (Population Consequences of Disturbance) model (Lusseau et al., 2012; Nabe-Nielsen et al., 2013) . Such models may incorporate some of the contextual elements required for better interpretation of behavioural responses, such as health and motivational state. However, they typically require large amounts of data, are very sensitive to all the various uncertainties of the input data, and are generally in their infancy.
Absence of detected reaction equals absence of impact
One problem of presuming proportionality between severity index scoring of behavioural responses and population impact arises when the logic is reversed through the concept that a lack of reaction implies that there has been no impact. Such a conclusion is clearly unsupported, but rarely, if ever, articulated directly (Madsen et al., 2006) . However, this problem must always be kept in mind when it comes to actual implementation of legislation. For example, the failure to detect an impact may simply be because the behavioural reactions were too subtle, to be quantified with available parameters or occurred out of view as is often the case with diving animals and thus overlooked (Miller et al., 2009) . Similarly, experimental design may be at fault, with behavioural reactions of one type undetected and unreported in a study focusing on responses of another kind. Furthermore, even if the study is collecting the right data on the right response, it is entirely possible that small sample sizes will produce a null result due to a lack of statistical power. Behavioural responses may also go unnoticed if they are simply changes in behavioural state that might otherwise be considered normal (e.g., a change from foraging to travelling or resting; Williams et al., 2006) .
Another alternative that is unrelated to methodology is the possibility that there is in fact no obvious external reaction at all. However, it remains entirely possible that one or more physiological and psychological responses can take place, without any external symptoms. Such reactions include acute, prolonged or repeated stress responses (Fair and Becker, 2000; Wright et al., 2007a,b) , diversion of attention that may lead to increased susceptibility to predators or other human interactions; (Todd et al., 1996; Wright et al., 2013 ; see also Nielsen et al., 2012) or failure to take advantage of foraging opportunities. These all have the potential to lead to long-term fitness consequences under certain situations or conditions.
The last and potentially most widespread and important way for noise to generate fitness effects without behavioural responses is through masking of other acoustic stimuli of importance to the animals (Møhl, 1980 (Møhl, , 1981 Clark et al., 2009 ). The physiology of masking can and has been studied in captivity (e.g. Johnson, 1968a; Erbe and Farmer, 1998) . However, while a calculation of communication range reduction is a useful proxy for impact (e.g., Møhl, 1980 Møhl, , 1981 Clark et al., 2009; Jensen et al., 2009; Hermannsen et al., 2014) , direct assessment and quantification of masking effects in wild animals has so far proven impossible. The main reason for this is that masking, by definition, represents an elevation of detection thresholds. Resulting consequences are thus typically the absence of behaviours, which are not outwardly detectable, such as failure to detect a conspecific, a potential prey or a potential predator, one way or the other leading to a decrease in fitness. The methodological difficulties involved in quantifying masking effects on fitness means that this effect has largely been ignored in legislation and it is clear that further progress in understanding of how masking affects real animals in the real world is required.
Accordingly, there are many good reasons to support the development of a fitness-based index for impact, but it is also clear that this may not be realistic at present. Therefore, due to the abovementioned difficulties in applying a response severity scale, we suggest a more simplified analysis in the interim. We propose that the onset of negative phonotaxis is a suitable starting point for discussion of criteria for fitness impacts of behavioural reactions to noise. Sustained negative phonotaxis manifests itself in a decreased abundance of animals in a smaller or larger area around the sound source and the impact of the sound can be quantified by the deterrence distance.
Such avoidance reactions remain relatively easy to observe and constitute a temporary loss of habitat. If occurring during times of foraging or reproduction, such loss of habitat can carry some level of fitness cost (even if only realised through a slight reduction in mating opportunities or calf survival) and, depending on the circumstances, could potentially affect the long term population size in an area. In other situations, the fitness cost of a displacement could be minimal, in particular in situations where the population is not limited by food but other factors such as bycatch or harvest. Similarly, avoidance on migration routes may carry a much lower cost, if any, and thus could be ignored for these reasons. Conversely, there are situations where animals may be unwilling or unable to avoid the source, but may still suffer fitness-related consequences of acoustic exposure (for example masking). Thus, we are not suggesting that avoidance be used directly as criterion to establish onset of fitness impact, as there need not be a direct correlation between the two. Instead, we proffer that the use of avoidance onset as a proxy from which the onset of fitness impact can be calculated offers a simple, and therefore importantly, an operational criterion, as the effect can be detected readily by standard survey methods and passive acoustic monitoring and without the need for long-term tracking of individuals.
Case study -the harbour porpoise
To illustrate many of the concepts presented above, we discuss an example of how they might be applied to an animal of particular concern in Europe: the harbour porpoise (P. phocoena). The harbour porpoise is the most common cetacean in European shelf waters (Hammond et al., 2002 (Hammond et al., , 2013 , and it is generally believed to be one of the most sensitive species of marine mammals when it comes to acoustic disturbance, making it a key species in discussions of impact of increasing anthropogenic noise in the oceans. Despite this, there are no commonly accepted limits for noise exposure for this species. Empirical data available to Southall et al. (2007) was insufficient to establish usable exposure limits. Accordingly, while Southall et al. (2007) extrapolated their criteria for HF cetaceans (such as porpoises) from MF criteria, they did so clearly stressing the need for additional experimental data and hinted that the real limits were likely to be lower for the HF-cetaceans than the MF-cetaceans. Fortunately, since 2007 several studies have produced new information on the susceptibility of porpoises to injury and behavioural disturbance. Much of this has been considered in the NOAA (2013) draft criteria, as well as other government reports and criteria (e.g., the below-mentioned Lucke et al., 2009 , formed the core of the German standard for harbour porpoise exposure to pile driving noise). Here we critically review this new information in an attempt to discuss the first suggestions for generalised exposure limits for this species. This represents a methodological example only and it is not intended that these criteria be directly extrapolated to other species.
Noise induced injury (TTS) in porpoises
Five studies are now available on TTS in porpoises. Lucke et al. (2009) measured TTS at 4 kHz, induced in a single animal by exposure to short, broadband air-gun pulses and found that 6 dB of TTS could be induced by a single pulse with a received un-weighted sound exposure level (SEL) of 164 dB re. 1 lPa 2 s (Fig. 3) . Peak frequency of the pulse was below 500 Hz but with substantial energy at higher frequencies up to and possibly above 20 kHz. Kastelein et al. (2012) exposed a different animal to octave band noise centred at 4 kHz for longer periods of time (between 7.5 min and 4 h). Three different sound pressure levels were used and TTS were induced by all three levels at different exposure times, indicating a trade-off between intensity and duration in line with what has been observed for bottlenose dolphins . TTS as a function of SEL is shown in Fig. 3 . Six dB of TTS could be induced by an SEL of 163 dB re. 1 lPa 2 s for the low-intensity noise and 172 dB re. 1 lPa 2 s for the medium-intensity noise. The highintensity noise induced 9 dB of TTS at the lowest SEL of 175 dB re. 1 lPa 2 s, but with the curve as a near-perfect continuation of the mid-intensity curve. The disparity of these two curves on one hand and the low-intensity curve on the other, implying higher sensitivity to low-intensity noise, is unexplained and counterintuitive, but may have to do with the uncertainties involved in estimating the received sound exposure of a free-swimming animal in a net pen over very long durations.
In a third study, Kastelein et al. (2013) induced 14 dB of TTS in a harbour porpoise by exposing it to a long, continuous 1.5 kHz tone with a total SEL of 190 dB re. 1 lPa 2 s. As only one exposure level was used no threshold for eliciting TTS onset could be determined. Extrapolating to an onset threshold from a single TTS point is questionable due to the extreme non-linear nature of the growth of TTS with SEL (cf. the strong disparity between the steepness of the curves in Lucke et al., 2009 and Kastelein et al., 2012) . Threshold for eliciting 6 dB of TTS could thus have been anywhere between 172 dB re. 1 lPa 2 s (using the shallow slope from Kastelein et al., 2012) and 188 dB re. 1 lPa 2 s (using the steep slope of Lucke et al., 2009) .
In a very similar study Kastelein et al., 2014 induced up A fifth study by Popov et al. (2011) was conducted on a different, but closely related species, the Yangtze finless porpoise (Neophocaena asiaeorientalis). Very little work has been done on the auditory function of this species, but direct comparison of their hearing to harbour porpoises has been made with respect to auditory filters (Popov et al., 2006) and no differences were seen between the two species suggesting no major differences in their overall hearing abilities. The study of Popov et al. (2011) was on one animal exposed to high levels of 3 min pulses of half-octave band noise, centred at 45 kHz. The lowest exposure level of 163 dB re. 1 lPa 2 s, induced 25 dB of TTS (Fig. 3 ) that in turn precluded determination of a threshold for eliciting TTS. Clearly the threshold must have been below 163 dB re. 1 lPa 2 s and a simple downward extension of the curve suggest that it could be as low as 145 dB re. 1 lPa 2 s. On the other hand, as the growth of TTS with increasing exposure is highly non-linear (Lucke et al., 2009 ) the threshold could equally well be only slightly lower than 163 dB re. 1 lPa 2 s. It thus seems reasonable only to conclude that the TTS threshold of the finless porpoise was likely somewhere in the range from 145 to 160 dB re. 1 lPa 2 s at 45 kHz.
Proposed exposure limit for TTS
Although there are only a few data points and these are derived by two different methods (operant conditioning and evoked potentials), the thresholds and estimated threshold ranges for eliciting TTS in the five studies mentioned above show a clear trend of lower thresholds at higher stimulus frequencies (Fig. 4) . This tendency is more or less in parallel with the shape of the audiogram, strongly suggesting that summed SEL alone is not a good predictor of TTS thresholds, and that some form of frequency weighting would be appropriate. This finding is in line with more recent data on TTS in bottlenose dolphins (Finneran and Schlundt, 2013) , but in contrast to the (precautionary) M-weighting curve suggested by Southall et al. (2007) . It is clearly important to further test this notion by conducting further TTS experiments with signals of different (higher) frequencies and with different bandwidths. That will enable derivation of the most appropriate weighting function Lucke (2009) Kastelein (2012) Kastelein (2013) Kastelein (2014) Popov ( and determine whether weighting with a curve resembling the inversed audiogram is appropriate or rather that curves based on iso-loudness contours should be used, such as those recently presented for porpoises (Wensveen et al., 2014) .
Based on the limited information available at this point a preliminary exposure limit with respect to eliciting TTS in porpoise suggests itself from Fig. 4 as being an SEL of 100-110 dB above the porpoise pure tone hearing threshold at the relevant frequency. It is reasonable to ask whether it can at all be justified to compare thresholds expressed as SEL (a unit of energy) to thresholds expressed as SPL (a unit of pressure). Such a comparison can be made if SEL is viewed as a normalisation to a stimulus duration of 1 s (SEL = SPL + 10 log(dur)) and recalling that the porpoise audiogram is valid for stimulus durations from 0.5 s to at least 5 s (Kastelein et al., 2010) .
Non-injurious, fitness-based impacts of noise in porpoises
Auditory scene analysis and detection of predators will be impacted, to some extent, by masking from anthropogenic noise, with some level of fitness impact. However, the consequences of such a masking for foraging and reproduction in porpoises are entirely unknown and thus presently impossible to assess. Due to the high frequencies involved (Møhl and Andersen, 1973; Kastelein et al., 2002; Hansen et al., 2008) in combination with propagation at these frequencies (DeRuiter et al., 2010) any effects are likely to be at short range (Hermannsen et al., 2014) . In lieu of a more direct measure of fitness impact, we defer at this time to avoidance-based criteria, that would need to be applied with due precaution, as justified previously in the general discussion. A substantial number of experiments have been conducted on the impact of noise on the behaviour of harbour porpoises, both in captivity and in the wild. We focus on the field studies because a substantial number is available and because of the difficulties involved in translating the results of captive studies to wild populations (Wright et al., 2009 ). These difficulties include animals habituated to noise exposure or reinforced to tolerate noise, as well as limited ability for captive animals to express their full repertoire of behavioural reactions.
Temporal weighting of sound pressures
A critical element in any comparison of different experiments involving exposure to sound is to ensure that measures of sound exposures of the individual studies are comparable. Especially for short duration signals there is the trivial, yet often overlooked issue of comparing peak (or peak to peak) sound pressures with root-mean-squared (rms) sound pressures and the critical choice of averaging time for rms-averages (see Madsen, 2005) . Whereas there is good evidence that sound exposure level (cumulated energy) is the primary (albeit not the only) parameter correlating with induced TTS Kastelein et al., 2012 , although see Popov et al., 2014 it is much less clear which parameter is appropriate when it comes to behavioural reactions. There is some consensus on rms-average as the appropriate measure (NMFS, 2003) , but the critical issue of averaging time has rarely been addressed (Madsen, 2005) . However, as it is not unreasonable to suggest some link between audibility or loudness of the sound and the capability of the sound to affect behaviour, it makes sense to base the choice of averaging time on these factors as well. It is well known that audibility of short duration signals increase with duration, known as temporal integration (Green et al., 1957; Johnson, 1968b; Kastelein et al., 2010) . Detection thresholds for short signals improve with about 3 dB per doubling of duration until a critical duration, termed the integration time is reached, above which a further increase in duration does not affect the threshold. Experimental data are in most cases successfully explained by a simple integrator model with exponential decay, the leaky integrator (Plomp and Bouman, 1959) . This leaky integrator is the basis of the integration performed in sound level meters used in monitoring of noise exposure to humans, with a time constant (integration time) s of 125 ms recommended for short duration signals and referred to as the ''fast average'' (e.g. Anonymous, 1983) . The choice of 125 ms as the time constant is based on human integration time data (e.g. Plomp and Bouman, 1959) and allows for a direct comparison of thresholds for signals of varying duration. The ''rms fast average'' (L eq-fast in the following) can thus be calculated from the rms-average over the duration of the pulse (L eq ) as:
where d is the duration in seconds and s is the time constant (0.125 s). By definition, L eq-fast is a time average and is referenced to 1 lPa rms. The level can be interpreted as the rms sound pressure level (L eq ) of a 125 ms signal of constant amplitude having the same energy as a 125 ms window of the signal. Integration time has been determined also for a bottlenose dolphin (Johnson, 1968b) , a beluga (Johnson, 1991) , a harbour porpoise (Kastelein et al., 2010 , shown here in Fig. 5 ) and a harbour seal (Kastelein et al., 2009 ). Although there is clearly an effect of frequency on integration time, these marine mammal data show reasonably good consistency with human data (see Kastelein et al., 2010) . To test the leaky integrator model, we converted the thresholds of Kastelein et al. (2010) to L eq-fast by Eq. (1) and normalised them with the audiogram to remove frequency dependent differences in thresholds. The normalised thresholds are plotted in Fig. 5b and show that thresholds, which on an absolute scale (Fig. 5a ) span a range of nearly 80 dB, can be normalised to within ±3 dB for the mean values (Fig. 5b) . Stimulus frequency and duration can thus explain almost all variation in the threshold data. Based on this we recommend L eq-fast as a standard measure also for marine mammals for comparing thresholds for signals of different duration.
Reactions to pingers
A number of studies have focused on reactions of porpoises to acoustic deterrent devices (pingers), two of which provide sufficient information to derive estimates of reaction thresholds. Both studies involved visually tracking porpoises around inactive vs. active pingers. Culik et al. (2001) studied reactions to a PICE pinger, which produced an FM-sweeping, multiharmonic signal in the frequency range 20-160 kHz. Observations showed avoidance out to a distance of at least 200 m. The transducer of the PICE pinger is highly resonant around 55 kHz, which is thus the most powerful part of the signal spectrum and likely also the most audible part of the signal to porpoises. A measured (rms) source level of 145 dB re. 1 lPa, this equates to a reaction threshold at an L eq-fast of 93 dB re. 1 lPa (rms), assuming spherical spreading and an absorption coefficient at 55 kHz of 17.8 dB/km. The duration of these signals was 0.3 s, which results in a correction to L eq-fast from Eq. (1) of 0.6 dB. Carlström et al. (2009; with additional detail in Berggren et al., 2002 ) studied reactions to a Dukane Netmark1000 pinger and found reaction distances over the range of 125-375 m. The fundamental frequency of the signal was 11 kHz, but the 4th harmonic at 43 kHz was likely the most audible component to porpoises. Source level of the 4th harmonic was estimated to be 129 dB re.
1 lPa (rms) and absorption at 43 kHz set to 12.5 dB/km. As above, the duration of signals were 0.3 s, yielding a correction to L eq-fast from Eq. (1) of 0.6 dB. Received L eq-fast at a mean reaction distance of 250 m is thus estimated to have been 78 dB re. 1 lPa (rms).
Reactions to seal scarers
Four studies are to our knowledge available on reactions to acoustic harassment devices (seal scarers), three of which are based on theodolite trackings from land, and the last (Brandt et al., 2012 ) is based on passive acoustic monitoring and aerial surveys. Olesiuk et al. (2002) studied the reactions to a seal scarer (Airmar AHD, 10 kHz), and found a dramatic decline in observations when the seal scarer was on out to the maximum sighting distance of 3.5 km. Source level was stated to be 196 dB re. 1 lPa peak to peak, which can be converted to L eq by subtraction of 9 dB ð20 logð2 ffiffiffi 2 p ÞÞ, ratio between peak-peak amplitude and rms average for a sine wave), assuming that the signal was close to a sine wave pulse. Individual pulses were very short, 1.8 ms, but repeated in longer bursts with 25 pulses per second. L eq-fast was estimated by modelling the sound pressure changes over subsequent pulses by a leaky integrator model (Fig. 6) . The difference between the asymptotic level reached after about 10 pulses was 13 dB lower than the L eq of a continuous signal. With an absorption coefficient at 10 kHz of 1 dB/km L eq-fast was estimated to have been 97 dB re. 1 lPa (rms) at a range of 3.5 km.
In an almost identical study on a comparable seal scarer (Airmar dB II Plus), Johnston (2002) obtained similar results. Porpoises reacted to the 10 kHz signals out to at least 1 km (the limit of his observation field). Source level was given as 181 dB re. 1 lPa and a correction for short repeating pulses was made as above. Hence, the estimated L eq-fast is estimated to have been 107 dB re. 1 lPa (rms) at a 1 km range.
The two most recent studies (Brandt et al., 2012 (Brandt et al., , 2013 ) used a different type of seal scarer (Lofitech, 14 kHz, source levels 189 dB re. 1 lPa, pulse duration 0.5 s). Brandt et al. (2012) used passive acoustic monitoring (C-PODs) around the seal scarer and detected statistically significant reductions in porpoise acoustic activity out to distances of 7.5 km. These observations were supported by an aerial survey that showed that the porpoises had also vacated the area at least out to 7.5 km. The second study (Brandt et al., 2013) used the same seal scarer but observations were from a cliff by means of a theodolite. Although very few observations were made, reactions were seen at distances of at least 2.4 km from the seal scarer. The L eq-fast at these ranges, and with an absorption rate of 1 dB/km, can be calculated to be 98 dB re. 1 lPa (rms) and 120 dB re. 1 lPa (rms) respectively.
Reactions to pile driving
A number of studies have looked at reactions of porpoises to impact pile driving operations in connection with construction of large offshore wind farms. All have all been conducted by means of passive acoustic monitoring at various distances from the pile driving site. Tougaard et al. (2009) reported reactions to pile driving at Horns Reef 1 offshore wind farm at distances beyond 21 km. The peak energy in the pulses was at 500 Hz, although substantial energy was present at higher frequencies up to 100 kHz. Pulse duration was about 0.2 s, which corresponds to a correction of 1 dB to produce a L eq-fast of 130 dB re. 1 lPa (rms) at 21 km from the piling site, using a source level of 237 dB re. 1 lPa peak to peak.
Conversion from peak to peak measurements to L eq for transient pulses is not trivial, but the data presented by Bailey et al. (2010) suggests that a conversion factor of 20 dB is appropriate for pile driving pulses.
Similar reaction distances (18 km) were observed by Brandt et al. (2011) at Horns Reef 2 offshore wind farm. Noise levels (single pulse SEL) were measured at 2.3 km, and extrapolated to 18 km, where porpoise presence was assessed by passive acoustic monitoring. The single pulse SEL can be converted to L eq by adding 3 dB, taking into consideration that pulse duration was 0.5 s (as SEL = L eq + 10 log(d)), which yields an estimated L eq-fast of 149 dB re. 1 lPa (rms). This is most likely an overestimate of the actual level at 18 km distance, because of excess attenuation from a shallow sand barrier (3-5 m water depth) between the passive acoustic monitor and the construction site. Peak energy was around 200 Hz, but also with considerable energy at higher frequencies. . Output of leaky integrator with t = 0.125 s when input is signal of Airmar ADH (1.8 ms pulses, 40 ms inter-pulse intervals), compared to output generated by a continuous signal beginning at t = 0. The difference between the two curves is the factor used to convert single pulse L eq to L eq-fast .
A third study at Alpha Ventus offshore wind farm (Dähne et al., 2013) gave comparable results with reaction distances around 25 km. Importantly, the associated aerial surveys supported the conjecture that porpoises leave the impact area rather than diminishing their vocal behaviour. Noise measurements 17 km from the construction site were used to calculate a received level at 25 km of around 155 dB re. 1 lPa peak (Betke and Matuschek, 2010) . This can be converted to L eq-fast by subtraction of 1 dB for pulse duration correction and 14 dB for conversion from peak to rms (+6 dB to convert from peak pressure to peak-to-peak pressure and -20 dB conversion factor from peak-to-peak to rms, from Bailey et al., 2010) . This gives an estimated L eq of 140 dB re. 1 lPa (rms). Peak energy was around 500 Hz, but again there was considerable energy at higher frequencies, making it unclear which part of the spectrum the animals reacted most strongly to.
In one additional study, Thompson et al. (2010) investigated reactions of porpoises to pile driving at a single station located 40 km from the piling site at the Beatrice offshore wind farm and could not detect changes in porpoise abundance. Sound pressure levels were measured out to distances beyond 40 km by Bailey et al. (2010) , which allowed estimation of L eq-fast of about 120 dB re. 1 lPa (rms).
Scaled-down controlled exposure experiments
To overcome the difficulties of studying the large impact area in a real pile driving, Tougaard et al. (2012) conducted a play back experiment with pile driving noise but at reduced source level.
By this approach the animals could be tracked by theodolite and a deterrence distance of about 200 m could be determined corresponding to a received sound pressure level L eq of about 130 dB re. 1 lPa (rms). Furthermore, it could be verified that animals did in fact leave the exposed area, something which could not be determined with certainty in the majority of the studies of real pile driving events as they relied exclusively on passive acoustic monitoring.
Proposed exposure limit for fitness-based impacts
In summary, avoidance of mostly 'low-frequency' pile driving events appears to be on the order of 20 km, while reactions to 'mid-frequency' seal scarers are at ranges on the order of magnitude below -between 1 and 7.5 km, and response distances to 'high-frequency' pingers another order of magnitude lower stillaround 200 m. The actual exposures in these three groups differ in several ways: source level, peak frequency, pulse duration and pulse repetition rate. In particular, the signals in two of the seal scarer studies (Olesiuk et al., 2002; Johnston, 2002) differ from those in the rest by being very short, but rapidly repeated pulses. Adjustment of sound pressure levels to L eq-fast , however, results in thresholds very close to the threshold found by Brandt et al. (2012) . The threshold found by Brandt et al. (2013) is 10-20 dB higher, but very few animals were observed in that study making it quite likely that the response threshold was overestimated.
The duration of sounds in the other studies were all 0.2 s or more with low repetition rates of one per second or less, resulting Berggren et al. (2002) . 4th harmonic estimated to be 9 dB below fundamental. d Peak-peak values converted to rms by subtraction of 9 dB. e Conversion from peak-peak to rms by subtraction of 20 dB, cf. Bailey et al. (2010) . f Acoustic measurements from Bailey et al. (2010) . g L eq at threshold overestimated, due to excess attenuation by sandbar. h Acoustic measurements from Betke and Matuschek (2010) .
in very little correction (0-1 dB) to convert thresholds to L eq-fast .
Comparing responses of different signals in this way ignores a range of important differences between signals, experimental methods and exact definitions of response threshold. Despite these caveats, the overall emerging picture is surprisingly consistent across the 11 studies, showing a decreasing threshold of reaction with increasing peak frequency of the signals, parallel to the sloping audiogram but offset by 40-50 above the hearing threshold (Fig. 7) . This strongly indicates that the two most important factors determining whether porpoises react or not are the stimulus duration/repetition rate (captured by the L eq-fast ) and the level above the hearing threshold, also referred to as the sensation level. As a consequence, we propose an exposure limit for negative phonotaxis to be L eq-fast 45 dB above the hearing threshold. This limit does not on its own provide information about possible fitness consequences of the deterrence, as the duration of the period where animals are deterred must be taken into consideration, as should the importance of the area to the animals. The onset of fitness impacts could thus be below this threshold for long-term deterrence from important habitats. This conjecture that response distances can be predicted from L eq-fast levels in combination with the audiogram, should clearly be tested in future experiments. Such experiments should determine response distances and thresholds to more complex signals, covering broader frequency ranges, of different durations and with more complex temporal structure and then compare the results with predictions of made from the model suggested here. If the model can hold up against new experimental evidence, then in line with the situation for TTS-thresholds, it becomes important to determine the most appropriate shape of a frequency weighting function, distinguishing between inversed audiograms (e.g. Terhune, 2013) and loudness-based approaches (Finneran and Schlundt, 2013 and Wensveen et al., 2014) .
It remains important, however, to note that behavioural responses will occur below the levels of exposure required to generate negative phonotaxis, as could other potential fitness-related impacts (such as masking of predator signals), at least in some scenarios. However, there is not yet enough scientific information to determine exactly when fitness impacts in porpoises may start to occur. Similarly, we acknowledge that the extent to which fitness impacts and population level impacts can be tolerated by society remains a policy-based decision. Consequently, the value of the adjustment factor needed to convert negative phonotaxis onset to fitness-based impact criterion currently relies on a blend of the scientific data presented here with the appropriate application of management objectives. Fig. 7 . Estimated thresholds for behavioural reactions (negative phonotaxy) from a range of field studies involving pile driving (red symbols), scaled-down pile driving noise (blue), seal scarers (black) and pingers (green). For pingers and seal scarers the x-axis indicates the frequency which most likely was the most audible to porpoises. For pile driving noise the x-axis indicates the peak frequency of the noise. Porpoises most likely reacted to energy at higher frequencies than the peak frequency, which means that these points should likely be shifted to the right by an unknown amount. All estimated sound pressure levels at threshold were converted to L eq-fast (see text and Table 1 ). Open symbol indicates one study where no reaction was seen at the indicated sound pressure level . Solid line is the porpoise audiogram (Kastelein et al., 2010) and broken line the audiogram offset upwards by 45 dB.
